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Abstract 
Our purpose is to model the multilayer laser solid freeform fabrication (LSFF) process for the material properties 
of low carbon steel 1015 for workpiece and cobalt alloy stellite 21 with 1.5 wt.% nano CeO2 as the powder 
particles. In this paper, transient heat transfer and mass transfer equations in laser solid freeform fabrication process 
are solved by Finite Element Method (FEM). In this approach, the geometry of the deposited material, temperature 
and thermal stress fields across the process area are predicted. For each layer the clad height is computed and 
computations are done by the use of MATLAB and COMSOL software.  
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1. Introduction 
     In order to modify or repair a surface to improve corrosion & wear resistance, hardfacing with technology of 
laser cladding is now widely used in a variety of applications from oil, gas and petrochemicals to steel, aircraft and 
automotive industries. The corrosion and wear resistance prosperities are results of the characteristics of the 
deposited material on the surface during laser cladding processes. The most popular materials used in laser cladding 
technique are cobalt–based, nickel–based, and iron–based alloys [1]. From an industrial point of view, choosing 
proper materials for base and coating layers is of high importance and selections of these materials are economically 
tied to each other. Due to high expenses and difficulty of manufacturing coating such as cobalt alloy, the coating 
layer is normally used on a low-cost base material. Producing nano composite coatings on low-cost base metals by 
adding nano particles into the conventional coatings to improve anti-erosion protection properties of a coating 
material with special physical and chemical properties is a process with economical advantages. In this paper we 
have theoretically investigated a 3D finite-element modelling of laser cladding for Cobalt Alloy Stellite 21 with 
1.5% nanoCeO2 on the low carbon steel 1015.   
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2. Modeling   
 In order to find the melt pool geometry and its characteristics, we first need to find the transient temperature 
distribution using 3D heat conduction which describes the distribution of temperature in a domain over time which 
is defined in the following equation [2]:  
 
 
                               (1) 
 
 
 
where cp (J/kg K) is specific heat capacity, ȡ (kg/m3) is density, k (kg/m K) is thermal conductivity, Q (W/m3) is 
generated power per volume and t (s) is time. 
The 3D transient heat transfer equation should be solved under the following boundary conditions [3]: 
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where T0 (K) is the ambient temperature, n is the normal vector of the surface, İR is emissivity, h is the heat 
convection coefficient, ıR is the Stefan-Boltzmann constant, ℜ and Λ are the workpiece surface and the laser beam 
area on the workpiece, respectively. ȕ is the absorption factor, I is the laser energy distribution on the workpiece, 
and U is the velocity. 
 
To evaluate crack formation we need to investigate the stress. The total strain İ in a body can be represented as 
follows [3]: 
 
T
mn
M
mnmn εεε +=                                                                                                                                                          (6) 
 
where Mε  (m/m) and Tε  (m/m) are strains contributed from the mechanical forces and temperature changes, 
respectively. 
Since the stress is a linear function of strain, the constitutive equation for linear elastic materials is as follows [4]: 
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where ıij (Pa) is the elastic stress, and Dijmn (Pa) is the tensor of elastic coefficients with 81 components. However, 
due to the symmetry of stain and stress tensors, there are only 36 independent components to be considered. The 
initial boundary conditions on the stress and strain fields are represented in the following equations: 
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     In our calculations, energy profile of the moving laser beam is supposed to be a circular Gaussian TEM00 mode. 
By modifying the specific heat capacity and thermal conductivity, the effects of latent heat of fusion and Marangoni 
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flow can be taken into account. Also the effect of angle of incidence is included in our calculations. In the method 
developed by Picasso et.al [5] power attenuation effect caused due to the power absorbed by the workpiece and 
powder particles, is also considered. 
     We suppose the material to be elastic and isotropic; therefore, the 36 independent components of Dijmn will 
reduce to only two independent components described as follows [4]: 
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where Ȗ (m/m) is the shear strain, Tin (K) is the initial temperature, Į (m/mK) is the linear coefficient of thermal 
expansion, and įmn is the Kronecker delta defined in the following form: 
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So, the stresses will be written as follows [6]: 
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3. Results and Discussion 
     The material properties of low carbon steel 1015 for workpiece and cobalt alloy stellite 21 with 1.5 wt.% nano 
CeO2 as the powder particles are investigated. Some of the thermo-physical and optical properties in addition to 
absorption factor of the flat surface are considered as a function of temperature. Elements used to describe the solid 
domain are 4-node Lagrange-Linear. The final model has 51771 elements and 46609 degrees of freedom.  
     The process parameters are listed in Table. 1 and the simulation for each layer was performed in 20s time interval 
in which the laser is ON and OFF for 10 seconds and in the OFF intervals, the effects of convection and radiation 
are included. The temperature distribution and the stress–strain fields of the last time step of each simulation were 
considered as the initial conditions for the next simulation. 
Table 1. Parameters used in the process 
Powder feed rate 2 (gr/min) 
Laser velocity 1.5 (mm/s) 
Melting temperature of Low carbon steel 1015  1708 (oK) 
Melting Point for Cobalt alloy 1600 (oK) 
Ambient temperature 300 (oK) 
Laser power 380 (W) 
Laser beam radius on the workpiece 7e-4 (m) 
Powder jet radius on the workpiece 7.5e-4 (m) 
Surface reflection coefficient 0.16 
Effective absorption coefficient without nanoparticles for layers 1-3 respectively 0.34, 0.2, 0.18 
Effective absorption coefficient with nanoparticles for layers 1-3 respectively 0.4, 0.26, 0.24 
 
The workpiece is considered as a slab of 25×20×5 mm exposed by the laser beam for a time interval of 10 
seconds. The laser will be switched off for 10 seconds, so that the laser will start from the initial point while 
exposing the next layer. In order to increase the precision of our calculations, we have considered the smaller three 
angle elements for the sub-layer. Thermal stress in a 3D model coupled with heat transfer equation in a multi-
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physics model is calculated using COMSOL Multi-physics [7]. In our computations, we have assumed that powder 
injection is independent of the laser beam. Therefore, we can find the melt pool boundaries on the workpiece by an 
algorithm in Matlab.  
     The calculated model in each step is considered as initial values for the next layer computations. Using the melt 
pool boundaries we can predict the layer height for which the mechanism was developed by Alimardani et al [3]. 
     The center of laser beam on the workpiece at t=0 is at (5e-3, 1e-2, 5e-3) on the sub layer surface and stops at  
(2e-2, 1e-2, 5e-3) after 10 seconds. In order to decrease the calculation time, we used a linear Lagrangian elements. 
The melt pool contour and its geometry when the workpiece is illuminated by laser beam for 8 seconds are 
illustrated in Fig. 1. 
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Fig. 1. Diagram of different characteristics of the workpiece at t=8s  (a) melt pool contour (b) melt pool geometry  (c) stress contour (d) 
temperature distribution 
  
The maximum stress and temperature for the first layer were studied with and without n-CeO2. The ratio of the 
maximum stress to the maximum temperature is plotted in Fig. 2-a. We also studied the maximum stress and 
temperature with and without pre-heating which are plotted in the Fig. 2-b, c. In the Fig. 2-d we have compared the 
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ratio of maximum Stress to maximum Temperature with and without pre-heating. As a result of pre-heating, the 
ratio of maximum stress to maximum temperature and crack formation will decrease.  
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Fig. 2. Diagrams of different characteristics of the first layer (a) ratio of maximum stress to maximum temperature versus deposition track with 
and without 1.5% nano CeO2 (b) maximum stress versus deposition track with and without pre-heating at 600oK (c) maximum temperature versus 
deposition track with and without pre-heating at 600oK (d) ratio of maximum stress to maximum temperature versus deposition track with and 
without pre-heating at 600oK 
 
 
For the second layer we have calculated the ratio of maximum stress to maximum temperature with and without n-
CeO2. Results are plotted in Fig. 3. 
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Fig. 3. Ratio of maximum stress to maximum temperature for the second layer. 
 
Finally, we have compared different characteristics of the layers 1-3 with n-CeO2 as shown in the Fig. 4 
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Fig. 4. Diagrams of different characteristics of the layers 1-3 (a) maximum temperature versus deposition track with 1.5% nano CeO2 (b) 
maximum stress versus deposition track with 1.5% nano CeO2 (c) clad heights 
 
 
4. Conclusion 
    In conclusion, we have compared the results for powders with and without nano CeO2. For a specific point and 
time, the stress due to heat expansion and contraction is obtained. Our results led us to the conclusion that by adding 
nano CeO2 into the power, the maximum stress and the melt pool temperature increase but the crack formation 
decreases.   
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